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Cummins Engine Co., Inc. 
Fuel System Plant 
1460 National Road 
P.O. Box 3005 
Columbus, IN 4 7202-3005 
Dear Fred: 
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. c::r~n '~~ 
THE GEORGE \V. WOODRUFF SCHOOL OF 
MECHANICAL ENGINEERING 
GcofRia Institute of Technology 
Atlanta, Georgia 30332-00>5 
USA 
October 3, 1995 
Please find enclosed our final report detailing pressure-viscosity measurements performed on your 
fuel samples. As we discussed, a temperature-pressure-viscosity correlation is included as well as 
a method for estimating density (based on hexadecane) as a function of temperature and pressure. 
Sincerely, 
Scott Bair 













a final report to 
Cummins Engine Co. 
Fuel System Plant 
1460 National Rd. 
P.O. Box 3005 
Columbus, IN 47202-3005 
by 
Scott Bair 
Tribology and Rheology Laboratory 
George W. Woodruff School of Mechanical Engineering 
Georgia Institute of Technology 
October, 1995 
INTRODUCTION 
The Georgia Tech Tribology and Rheology Lab has undertaken the measurement of 
viscosity of three diesel fuels to high pressure for various temperatures. Three test samples were 
provided by Cummins. A total of ten pressure-viscosity isotherms were obtained at temperatures 
ofO, 30 and 120°C for each oil and -40°C for one. This final report details the dynamic viscosity 
at various pressures from atmospheric pressure to 456 MPa or to the solidification of the sample 
as indicated by a viscosity increasing with time. The reciprocal asymptotic isoviscous pressure, 
a.*, is reported. In addition, parameters for a Free Volume Model have been calculated for the 
samples. 
VISCOMETER 
The pressure-viscosity results reported here were obtained with a falling body viscometer 
which applies a maximum shear stress of approximately 20 Pa. The reported viscosities may be 
assumed to be the limiting low shear viscosity owing to the very low shear stress. The viscosity 
measurement technique is discussed in Ref [1]. 
RESULTS 
.. 
The measured viscosities are listed in Table I. Each entry is the average of at least two 
falls - more at the lowest pressures. Measurements were routine. The pressure-viscosity 
coefficient which best represents the film forming capability in concentrated contact is a*, 
where p is pressure and Jl is viscosity. 
2 
Sufficient data were obtained to regress the parameters for the Free Volume Model [2] 
shown below. These parameters are listed in Table IT. The glass transition is regarded as an 
isoviscous process with viscosity, J.lg, at the glass transition temperature, T 8. Since the glass 
transitions of these samples were not measured, J.ls was arbitrarily taken to be I 010 Pa·s based on 
our experience with kerosene. Now, T 8 represents a reference temperature rather than the true 
glass transition temperature. The relative free volume expansivity, F, can be empirically related to 
the liquid expansivity [2]. 
where 
F = 1 - B1 In (1 + B2p) 
and At, A2, B1, B2, C1, and C2 and Tgo are parameters to be evaluated. The above relations may 
be used to find viscosity for conditions not measured for this report. The viscosity measured at 
the pressure inunediately below the "solid" pressure was omitted from the regression. 
DENSITY ESTIMATE 
The relative density of n-Hexadecane as a function of temperature and pressure is assumed 
to approximate the density of a general diesel fuel. Using density measurements reported in ref 
[3], parameters for the Tait equation were regressed. The density, p, is obtained from 
p(p, T) = [1-~ ln (1 + ...£._ (1 + K~))]-t 
p(o, T) K0 K0 
3 
where Ko is the bulk modulus at zero pressure and is a function of temperature given by 
where T K is absolute temperature. The density at atmospheric pressure and temperature, T, is 
p(o, T) = p(o,o)/ (1 + aTK) 
Using published densities for temperatures from 20 to 99°C and pressures to 456 MPa we 
obtained: 
K' = 9.083 0 
Koo = 0 
Ko = 345 GPa·~ 
p(o,o) = 1.005 glcm3 
a = 1.028 X 10-3 ~-t 
An alternative form for Ko was found to more accurately reproduce Ko with some loss of 
accuracy for p. 
K0 = Koo -- K0 T K 
for which 
K' = 9.11 0 
Koo = 3.39 GPa 
Ko = 0.00658 GPafK 
p(o,o) = 1.008 glcm3 
a = 1.033 X 10-3 ~-t 
4 
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PIMP a 0°C 30°C 
0.1 7.52 2.96 
69 24.7 7.92 





a~/GPa - 13.0 
-1 
TABLE I 
Pressure-Viscosity Results (mPa·s) 
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120°C 0°C 30°C 120°C -40°C 
0.758 6.79 2.38 0.670 16.2 
1.49 23.6 6.50 1.393 72.0 
2.69 113.8 16.15 2.44 solid 
4.52 solid 36.8 4.34 
7.29 88.3 6.60 
11.73 402 10.72 
18.88 solid 16.85 
8.06 18.7 13.4 8.32 -
6 
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0°C 30°C 120°C 
3.12 1.55 0.487 
8.35 3.59 0.949 
19.67 8.05 1.680 
49.1 16.44 2.62 
119.5 34.1 4.16 
333 71.7 6.35 
solid 149.3 9.64 











AtfC A,/GPa-1 B1 
19.02 6.464 0.3086 
19.02 6.463 0.3083 
17.22 6.146 0.3080 
T8 = T80 + A 1 ln (1 + A2p) 
F = 1 - B1 In (1 + B2 p) 
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B,/GPa-1 
12.48 
12.46 
12.36 
C1 c,tc 
14.05 16.35 
14.11 16.55 
14.21 17.26 
